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SUMMARY 

Performance tests of thermal ice— prevention equipment designed 
and installed in the XB~2l|-F airplane by the Ames Aeronautical 
Laboratory of the National Advisory Committee for Aeronautics have 
been conducted in icing and non--icing conditions. The /nonr-icing 
tests were performed at the AAL, Moffett Field, Calif'. The icing^ 
tests were undertaken as a part of the NACA Ice Research Project, 
Minneapolis, Minn., in conjunction with the Materiel Command of the 
Army Air Forces and the Northwest Airlines, Inc. 

In general, the performance tests consisted of level flights 
at cruising power during which temperature observations were made 
of the heated circulating air, the airplane surfaces exposed to ice 
formations, and, at a few locations, the internal structure of the 
airplane. The rate of flow of the circulating air was also 
determined. For the flights in icing conditions, observational, 
and photographic data of the susceptibility of the protected and 
unprotected areas of the airplane to ice formations were obtained. 
A few tests were made of the ability of the equipment to remove 
frost and ice from the wing outer panels and the windshield prior 
to flight. 

The recorded temperature and air--flow data, and the calculated 
quantities of heat flow throughout the system are presented in 
tabular form. Photographs showing performance of the equipment under 
natural icing conditions, and typical ice formations on unprotected 
components of the airplane are presented. 

The test results indicate that the equipment was adequate, 
with a few exceptions, to prevent ice formation on the surfaces 
for which protection was desired. Further development of the 
heat-exchanger installation and circulating air supply system to 
reduce the restrictions to air flow, and thus realize more of, the 
available heat-exchanger capacity, is recommended. 

The tests demonstrated that the performance specification for 
the installation was satisfactory, and should prove entirely adequate 
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for any similar future- installation. Sufficient data are available 
to -orepare a design which will meet the performance specification, 
and" be structurally satisfactory from a stress and a production 
standpoint. 



" INTRODUCTION 

A study of the problems involved in providing thermal ice- 
prevention equipment for aircraft has been conducted by the NACA 
under a general program of ice-prevention research. The first 
tests were conducted on mode], wing sections, and the same principle 
was later applied to provide a thermal ice-prevention system on a 
Lockheed 12A airplane" (reference l). In 19^2 a design similar to 
that described in reference 1 was prepared for the B--2UD airplane 
in cooperation with the Materiel Command of the Army Air Forces, 
the Consolidated Aircraft Company, and several equipment manufactur- 
ing companies. Reference 2 describes the design and construction of 
this installation and the instrumentation provided for performance 
tests. The performance specification adopted for. the design 
required an average temperature rise of 100° F for the wing and 
empennage surfaces forward of the 10-percehi>-chord point. 

This report presents the results of performance tests of the 
XB-2^F airplane thermal ice-prevention -installation. -Preliminary 
tests consisted of ground runs and flights under dry air (no 
visible moisture} conditions. Slight alterations to the equipment 
were made as a result of these investigations, and the installation 
was then tested- under natural icing conditions. 

The tests of the equipment in dry air were conducted at the 
AAL at.Moffott Field, Calif. The tests in natural icing conditions 
were conducted as a- part of the NACA Ice Research Project at 
Minneapolis, Minn.., the facilities and services of which were 
supplied by the Northwest Airlines, Inc., acting under a directive 
from the Air Transport Command of the Army Air Forces. The airplane 
was piloted by AAF^and Northwest Airlines personnel who had previous 
extensive experience in the operation of transport aircraft in 
icing conditions. A meteorologist from the U. S. Weather Bureau 
was assigned to the Project to assist in the preparation of weather 
forecasts, to analyze and correlate the atmospheric data obtained, 
and to prepare reports concerning the meteorological aspects of the 
icing investigations. 



DESCRIPTION OF EQUIPMENT 

The X3-2^F airplane is shown in figure 1. A description of 
the thermal ice-prevention equipment for the airplane is given in 
reference 2, and' the general arrangement drawing of the equipment 
(fig. 2) is taken from that reference. 
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With a few exceptions, the ice-prevention equipment for the 
performance tests reported herein was identical to that described 
in reference 2. The exhaust-gas-to-air heat; exchangers described 
in reference 2 were replaced by pin-f in-type- units. The heat 
exchanger for one of the nacelles is shown in figure 3. The main 
shell and inner fins consisted of a single sheet of stabilized . 
stainless steel, folded longitudinally to form the. Inner fins and 
welded at the seam and fin ends. The outer pins were formed by 
cutting slots in 2~inch-wide by 0,Ol*0-inch-thick copper strips. 
The slots were 3/32 inch wide, 1-3 /l6 inches deep, and were spaced 
to form pins l/l&dnch wide. The solid portion of the strips was 
inserted between the folds forming the inner fins and was furnace- 
brazed to the stainless steel.' Alternate outer pins were staggered 
to double the number of longitudinal rows. Preliminary tests. of 
the exchangers in flight (not included in this report) indicated 
that the pressure drop, across the air side was too large, and 
therefore some of the outer pins were removed. The configurations 
of the exchangers and shrouds which apply to all the tests of this- 
report are shown in figure k. 

The air-intake scoops' for the dry-air flights were the same 
as those shown in figure 17 of reference 2, which also shows the 
exchanger 'installation. . For the flights in icing conditions, the 
intake scoops were altered slightly to provide for heating of the 
leading edges as a protection against ice formation. During the 
flight-test period at Minneapolis other minor changes were made to 
the equipment in an attempt to correct the performance of parts 
that did not give satisfactory protection from ice formation. 

The windshield design shown in figures Ik and 15 of reference 2 
employed plastic inner and outer panels. After several preliminary 
flights *uhe outer panel was replaced with laminated safety glass, 
and the installation was" tested in this form during all of the non- 
icing flights, and some of the icing flights, herein reported. During 
the icing flights, the inner panel was replaced with 3/&-inch-thick 
laminated safety .glass and a blower was installed in the windshield 
heated-air supply duct, figure p. Installation difficulties 
encountered with the flat glass inner panel resulted in an air gap 
that was irregular, and larger than that desirable for thermodynamic 
reasons. An arrangement to cause all of the windshield heated air 
to flow through the pilot's windshield was provided by the installa- 
tion of a butterfly valve in the supply duct to the copilot's wind- 
shield. 

The locations of thermocouples and pressure orifices used for 
obtaining the performance data are shown in figures 6 and 7. The 
types of thermocouple and pressure— orifice mountings are shown in 
figures 26 and 28 of reference 2. In order to determine the accuracy 
of the thermal installations, a laboratory investigation was conducted 
in which the thermocouples were subjected to conditions simulating 
these existing during the performance tests of the ice-prevention 
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equipment. The tests shoved that the. thermocouples indicating air 
temperatures- were "subject to y: a? maximum error of ±3° F, and those 
indicating skin-surface teniperatures ' to- errors" from 0° to 8° F. 
All thermocouples were irdh~oonstaiitan 'and' the temperature indica- 
tions were obtained with a ^direct— reading potontiome tor All 
pressures were referred to;' the total'- pressure of the- left airspeed 
head at the airplane ndse '-' Pressure -'differentials were indicated 
by water manometers and airspeed indicators for the dry-air flights, 
and by a single airspeed indicator for the icing flights. Free-air 
temperature, indicated airspeed, altitude, and engine data were 
obtained from the- service instruments* on the pilot's panel. The 
static- pressure indication of the airspeed installation was cali- 
brated with a suspended trailing static head to provide a basis for 
correct indicated airspeed.' : • 

For the initial windshield arrangement (plastic inner and 
outer panes), thermocouples were installed in the surfaces of the 
inner and outer panes arid in the air entrance and exit headers of 
the copilot r s windshield. A venturi meter was placed in the 
copilot T s windshield air duct to measure the flow of air to the 
windshield. When the plastic panels were replaced by safety glass, 
the surface thermocouples were omitted because of the difficulties 
encountered' in installing them in the glass surface's. No means of 
obtaining temperature s or air flows -were provided for the pilot 1 s 
windshield. 



TEST PROCEDURE 

The flight tests in non-icing conditions consisted of level 
flights at approximately cruising power, and at pressure altitudes 
of 10,000 and l8,000'feet. Heated air from the exchangers was 
directed to tho various - components of the ico— prevention 
system, a few temperature indications were observed until thermal 
equilibrium had' been established, .and then complete' temperature and 
pressure data were recorded. In order to provide data for an 
estimation of the frost— removal capabilities of the installation, 
the flight tests were supplemented by a gro.und run in' which the 
right outboard engine was operated at idling conditions and tempera- 
tures were' recorded for the wing outer panel.. ' 
. .. i ■ ■ ■ 

The flight tests in natural icfrig cphditions at the Ice'Eesearch 
Project were planned with the cooperation of the U. S. Weather 
Bureau and the Northwest Airlines dispatch office. After determining 
the location of the icing condition, a preliminary vertical and 
horizontal traverse was mad6 to. define the : icing region and- determine 
the severity of the icing" condition. The a : irplane was then flown in 
the icing region and all exposed parts' of the airplane,, protected - 
arid unprotected-, were observed. ' \ 



'Temperature data were, obtained dm*in£ icing -condition's,, and 
photographs" were taken showing ice" formation or prevention on 
exposed surfaces. For each flight axt attempt .was . made to land with 
ice accumulations . on unprotected or : - insuf f iciently heated parts in 

■'■ order that the formations might be ' photographed ; and studied. 
During two flights -in -icing conditions the heat to the wing outer 
panels was turjned of £, thus .allowing ice .to £ orm, and observations 
were- made of the .removal of the : icV accretions: when the heat was 

- again 'applied. Ground ;observat ions were, made of the- ability of 
the system, to remove- .frosty show;, and ice from the wing outer panels 
with the engines in : the. idling -condition. 



' ' . . .. ■ EEsuLTs \. : ;. 

The data recorded during the; tests of. the ,XB-2l±F airplane in 
'dry air are presented in- tables I to : TV. The. thermocouple and 
■pressure orifice numbers given in the tables correspond to those 
shown in figures 6 and 7. 

• Calculations betsed upon the data; in tables I to IV show that 
the average, temperature rise of the wing outer-panel leading-edge 
skin,, above ambient ..air, for cruising flight at 18,000 feet (design 
conditions) was approximately equal to the design value of 100° F. 
The leading-edge .skin is defined as the heated area ~ forward of the 
10-percent-chord: point. The greatest . deviation from the average 
value occurred at the center of .the semispan, at which point an 
average rise of 80° to 90° F was observed. • Sufficient data were 
not obtained to,- permit comment oh the chordwise temperature 
distribution. . 

The change in. air temperature in passing through the leading- 
edge corrugation passages varied from about 1^0° F near the inboard 
end of the outer panel to 80° F near the wing-tip joint at both of 
the test altitudes. An estimation of the heat flow- through the 
leading-edge skin, calculated from the air-flow rate and the > 
average temperature change in passing through the . corrugation 
passages, resulted in a value of 30,000 Btu 'per .hour (725 Btu per 
hr per sq ft of leading-edge surface) for the tests at the design 
altitude.. The heated air circulating inside the wing after discharge 
from the leading-edge system transferred approximately 30,000 Btu 
per hour to the wing skin and structure before leaving the wing at 
the aileron gap. 

The average temperature rise of the wing inboard panel leading- 
edge skin in the dry-air flights was approximately 95° F near the 
inboard nacelle and 75° F near the outboard nacelle, or an over-all 
average of 85 0 F. The change in temperature of the air in flowing 
through the corrugation passages was 200° F (inboard) and I30 0 F 
(outboard). Based on average temperatures of the circulating air 
before and after passing through the leading-edge system, and the 
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"rate of air flow, the heat flov through the skin surface was about 
20,000 Btu per hour, or 750 Btu per hour per square foot of 
leading-edge surface. 

The temperature rise of the horizontal '.stabilizer leading-edge 
skin in dry air varied, from 35° F inboard to 95^'F at the fin> or 
an average rise of 65 Q F^ The .heat flow 'through the empennage,, 
leading-edge surfaces a6uld not be calculated because the distri- 
bution of the' air flow to the various components was not determined. 
The average temperature rise of ^ the fin leading-edge skin was about 
50° F, the average at the top of the fin being 15° F above that., at 
the bottom. No thermocouples were located in the central portion* 
of the fin leading edge , which a/ppeared to be the coldest area, 
based on ice-formation observations. 

No thermal data for the windshield are presented for the 
following reasons: The preliminary flights with the initial ,. 
installation indicated that the thermal conductivity of the 
plastic outer panel was excessively low, and hence the panel was 
replaced with the higher. -conductivity material, glass. The dry-air 
flights for this ' arrangement -provided data 'of the. heat loss of the 
circulating air in the copilot's windshield; but these data, to be 
of design use, must be correlated with outer— surf ace . temperature, 
rise or actual icing tests. During the icing flights most of the 
heated air was directed to_ the pilot* s windshield- to~ provide 
complete protection for that side and, as a result, some ice formed 
on the copilot 1 s windshield due to an insufficient, quantity of 
heated air. Since no provision was made for obtaining temperatures 
or air-flow rates for the pilots windshield, only observational 
data were obtained. 

Observations were made 'on 17 flights in icing conditions, 
♦ during which icing was encountered for a total elapsed time of 
, approximately 9—1/2 hours. The icing conditions encountered 
include rime ice at temperatures as low as —3° F, freezing rain 
at ( temperatures as low as l5 0, F, and glaze ice over a range of 
temperatures from 20° F to. 32° F. The. data recorded during the 
flights in icing conditions are presented in tables V to VIII. , 
Based on the data in these tables, the : average temperature rise of 
the wing outer-panel leading-edge skin was approximately 90° F, . ■ 
and the average heat flow through that . s.ur face was about' 850 Btu 
per hour per square foot. Photographs taken during flights in 
icing conditions, and immediately after landing, showing ice 
accumulations on unprotected and insufficiently heated parts are 
presented in figures 8 to 28. 

A map of the region in which the icing tests were made, 
including the locations listed in table V is given , as. figure 29. 

The leading edges of the wirig outer panels were maintained 
free from ice formations in all tests when the : heated air was 
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applied to those surfaces prior to entering the icing condition . 
and were cleared in less than two minutes after heat had "been 
applied during the test of the ice— removal characteristics. Under 
some atmospheric conditions, during "both the ice— prevention and 
the ice— removal tests, ice formations on. the lower .surface'- of the 
wing, formed from water running' aft from, the heated; leading edge, 
were observed. This condition was photographed after tests 7 and 8, 
and is shown in figure 8. Ice accretions shown on the wing leading 
edge in f igure 8 formed after the heat supply to the wing outer • 
panel had been discontinued to preserve the ice- formations on the 
under surface. The upper surface of the' wing outer panels and the 
aileron and flap hinge regions were maintained free from ice forma- 
tions under all conditions." ' Ice formed on. the leading edges of the 
wing tips in all of the test conditions." (See fig.. .9-) 

Complete protection of the leading edge of the wing inboard 
panel was not obtained' under most icing conditions with the engines 
at cruising power. (See fig. 10.) Ice formations similar to those 
shown in figure 10, however, were removed in one test by increasing 
the engine manifold pressure 2 to k inches of mercury above cruising 
conditions. From data in table VII, the average heat flow through 
the skin forward of • the front spar was calculated to be approximately 
the same, as that obtained in dry—air flights, or about 750' Btu per 
hour per square foot of surface area. No ice was observed to form 
on the. upper surface of the wing inboard panel aft of the leading 
edge, -but ice did form on the lower surface in some tests, as shown 
in figure 10, 

In general, protection for the leading .edge of the horizontal 
stabilizer ..was provided in all flights with the exception of small, 
areas at the stabilizer root and tip. Iii. one flight at a* tempera- 
ture of -3° F, incomplete protection of the leading edge was. -v 
evidenced as shown in figure 11. Ice formations at the inadequately 
heated root and tip areas are shown in figures 12 and- 13... The 
average .temper ature rise of the leading-edge skin during all of 
the icing conditions was approximately k0° F. 

Ice formations aft of the leading edge on the under surface of 
the horizontal stabilizer were observed in sbme flights and are 
shown in figures Ik and 15- Ice was not observed to- form- at any 
time in the vicinity of the elevator hinges, or on, the elevator; 
surfaces, which, were^ not heated. Inmost of the flights. ice formed 
on the central portion of the fin leading edge,, the. top and bottom 
sections remaining, clear (figs. 15 and 16). An attempt was made to 
improve the heating of the central region' by reducing the Internal 
obstruction to air flow in that vicinity, but only slight « improve- 
ment was obtained. In the test flight at an air temperature of 
-3° F, ice formed along the entire fin leading ;edge as shown .in • 
figure 11. .In test 12 the central portion of the ' leading edge 
(shown covered with an ice formation during flight at cruising 
power in fig. 15) was maintained in an intermittently cleared 
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condition by operating the "engines at a- manif old pressure .about k 
inches of mercury above the cruising condition. The two points 'in 
the leading edge at which the outer skin - overlapped were seldonr- - 
cleared of ice formations. ' " ■ 

The average temperature- rise, of the fin leading-ed-ge skin . * 
during the icing flights was "approximately k5° : F. Attention is 
"again directed to the fact that this average value is based upon 
temperature data from> thermocouples located in the cleared regions, 
and" may not be representative of - the entire leading-edge surf ace . 

In some of the test flights, slight ice formations were 
observed on the sides of the -fins aft of .the leading edge/ as shown 
in figures 1^ and" 17 The rudder hinges and surfaces, ; which' were 
not heated, were observed to be clear of ice at all times. 

Frost, snow, and ice were removed from the leading edge of the 
wing outer panel at air temperatures as low as 6° F during ground 
.tests by operating the outboard engines at idling conditions. Frost 
was removed from the wing surf ace aft of the leading edge over 
areas where the circulation of the heated air was 'not blocked by 
internal obstructions such as gas tanks. 

In one ground test in which the entire wing' was covered with 
a thick ice formation produced by a freezing rain, -the forward -20 - 
percent of the wing outer-panel surface was cleared in 15 minutes, 
but the melted ice refroze aft of the cleared area and no formations 
behind the region were removed. 

During the first flight 'tests in. icing conditions the inner 
plastic panels of the heated windshield buckled due to thermal 
expansion, resulting in a much larger gap between the two paries 
than was desired for thermodynamic reasons and causing considerable 
distortion of vision. 

With the final windshield arrangement .(glass inner panel, 
blower in the windshield supply duct, and shut-off valve in copilot 1 
supply duct) ice was prevented from forming on the pilot's wind- 
shield during all icing conditions encountered. For the copilot's 
windshield the degree of protection afforded varied during the tests 
being dependent upon the heated air available after the pilot's 
windshield had been supplied. Figures 18 and 19 show the pilot's 
and copilot's windshields during a typical icing flight. Frost on 
the exterior and interior of the pilot's and copilot's windshields, 
which had formed with the airplane at rest, was readily removed by 
the.heatod-air system during ground warm-up. 

During all of the icing conditions encountered, the elec- 
trically heated pitot-static airspeed head was maintained free 
from ice accumulations. Formations occurred on the airspeed 
mast, however, which may have been of sufficient magnitude to 
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affect the airspeed indicator and altimeter readings. (See fig. 
20.) Accordingly, a second source of static-pressure/ reference' was 
established/ whiph consisted of two interconnected. static orifices 
flush-mounted on opposite sides of the fuselage about midway '-\ 
between the trailing edge of the wing and the Reading edge of* the 
stabilizer. : An airspeed indicator was connected, to the- static 
pressure. from "these fuselage .vents and to an electrically heated 
total head located at the nose of the airplane This installa- 
tion gave- reliable airspeed readings under all conditions 
encountered. 

For the flights in- icing. conditions- the /service radio- antenna ; 
was replaced with, a." l/l6~inch . steel cable' : which- was rubber-cdvered ' 
to reduce radio, static • interference . ' With .the - exception of - • 
occasional precipitation. static- interference, ->adio reception was 
maintained during all of the .flights in icing conditions irrespec- 
tive of heavy ice formations' on the antenna wire . • The . steel cable 
had sufficient strength to carry' ice formations, on the wire- as 
large as 2 inches': in. diameter . Figure 17 .'shows the radio antenna 
successfully' carrying a very heavy ice formation. Ice also formed 
on the antenna anchor .insulators/ as shown' in figure 21. Aluminum 
shields we ; re placed in front of the antenna lead-in insulators to 
prevent ice formations from providing an electrical connection 
between the antenna and the airplane structure.- An ice formation 
on one of the insulator shields is shb^n in. figure 22. 

Ice formed on the heated lips of ' the heat-exchanger air-intake 
scoops irv all of . the tests/ as shown in figure 23. ' 

Ice accumulations on the unheated surfaces and protuberances 
of the airplane are shown in figures 20, 21, 22,. and 2^ to 28. 

The only service to the thermal ice-prevention equipment : 
required during the flight-test period was pccasional repair of 
mechanical failures of the heated air dump-valve motor. units. 
Periodic inspections of the heat exchangers' failed., to reveal-' 
deterioration such as corrosive .action or fatigue crack3. 

; * .DISCUSSION 

An inspection of the results of the performance tests on the 
XB— 2UF airplane thermal ice-prevention equipment indicates that 
the installation was adequate, with a few exceptions, to prevent 
formation of 'ice on the surfaces for which protection was desired, 
provided a quantity of heat approaching the' design value was supplied 
to the installation. This conclusion is based upon the fact that at 
cruising conditions the perf ormance of the wing outer panel, and the 
horizontal stabilizer leading-edge installations was entirely satis- 
factory, and that the operation of most of the remaining equipment 
was brought to a satisfactory condition by increasing the power of 
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the engines. The unsatisfactory performance of the wing tips and 
fin leading-edge outer-skin overlap regions, however, may be 
attributed to local design and not to an insufficient supply, of 
heat. The fact that flights were safely conducted* -iti ail. of -the. 
icing conditions encountered demonstrates that the operation- of' thel. 
equipment, in general, was adequate and reliable/ although. the. • 
need for further development of some portions of the' installation ^ 
is evident, 

A study of the design requirements for the equipment 
(reference 2) and the performance data tables clearly indicates 
that further development of the. system should start with the 
consideration of means for increasing the quantities of heat 
directed to the areas to be protected." Although the wing outer—, 
panel leading edge was maintained free from ice formations with a 
heat supply of only 50 to 70 percent of the design requirement, 
supplying the entire design amount would afford a larger .margin. of 
protection, would probably eliminate the small ice formations . • 
observed on the lower surf ace aft of leading edge, and. would provide ' 
an increased source of heat for the wing .tips. The amounts of heat 
supplied to the wing inboard panel and to the empennage were about 
75 percent of the design requirement, and for these regions .an 
increase of heat supply is particularly desirable* For example, 
the intermittent removal of ice formations from the fin leading 
edge by increasing the engine power during test 12 indicates that 
the design heat flow might have provided, satisfactory protection. 
For the inboard panel, also, ice , formations- present under cruising ■ 
conditions were eliminated by. an increase in power. 

The primary factor causing the heat supply to the ice-prevention 
equipment to be' below the design requirements was the excessive 
energy losses experienced by the circulating air throughout the 
system, with resultant low rates of air flow. The design require- 
ments for each of the four exhaust— gas— to-air heat exchangers were 
a heat output of 200,000 Btu per hour at an air-flow rate of 2730 
pounds per hour, a temperature rise, of 300° F, and an' air-side - 
pressure drop of 5 inches of water. .(See reference 2.) This design 
pressure drop was approximately one— half of the dynamic pressure of 
the air stream at the' design indicated airspeed (150 mph, q = 11 in. 
of water). The remaining one-half was to, be employed to circulate 
the heated air through the system aft of the exchanger. Preliminary 
tests of one of the XB~2^F exchangers installed ' on a single-engine 
test airplane (fig. 30) showed that when the difference between 
static pressures before and after the exchanger, in ducts" of equal 
area, was 11 inches of water,, the exchanger. heat output was 155*000 
Btu per hour and the air— flow rate was 2130 pounds per hour. The 
exchanger air inlet and outlet for . these tests were" the same as 
those for the XB-2tF installation. These data show that even if 
all the available dynamic -pressure at the -design airspeed could be 
expended in causing air flow through the exchanger,, .plus inlet and 
outlet,- the heater design performance could i>ot be realized. / 
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Unfortunately , the scope of the test data did not allow a 
breakdown of the energy losses of the air in passing through the 
exchanger into those losses attributable to the exchanger alone and 
those occurring in the air inlet and outlet. In a consideration 
of the air ducting, however, attention is immediately attracted to 
the evideiit i*^ strict iori : to : dir flow- .provided by the. exchanger air 
outlet. (See figs, k and 3 0. ) ' The 'shape .of .the. outlet: was largely 
determined by the space available without relocating or .eliminating./ 
essential equipment and structural members in the nacelles. The 
suspicion that, the 'air- outlet imposed a. restriction on the.. air. flow, 
was confirmed lifi the f ir'st flight- tests. of .the .installation,., in / .. 
which excessive air. temperatures ahd'-very low air~f low .rates were. ', 
noted. An, ihspectioh of the' exchangers vindicated, that the .regipn . 
F, A (fig. k) attained' a higher- temperat.ure than .any other .area, as 
might be expected from a 'consideration ,;bf the , outlet,. ai>d led to'' 
the removal of some of "the external pins ;as ..outlined in. figure H.* 

A further comparison* of the test :dat^-;Of the exchang;er investi- 
gations on the s'i.ngle'-e riginS •airplane .and i the ^performance tests .of / " 
the entire XB-2^F installation -indicated, that . the pre ssure losses 
through the system 'aft of -the exchanger, were. -,als.o larger .than.. c6uld . 
be considered.'desirable/ although ^not to -the same, degree' as. the . • 
los se s through the : exchanger . - The se ... re suits; : show plainly the" ne'ce 
sity for careful pons i deration of the design ; of the : carculatirig-^air/ 
path. An attempt should- be -made' to*' design - the heat exchanger, in 
such a manner that energy - losses : vhich' do. not-, contribute.- to the 
transfer of heat are 1 minimi zed. Consideration should; be. given in "/ 
designing the exchanger to the manner in •which, the. circulating ] air 
is to be directe'd' to and from the 'heating .surfaces, - : jLn v order '.to 
reduce the Energy iosses in the inlet and. "outlet. : ;The. ; ..use of guide ' 
.vanes in the air inlet ' is ''undesirable' =unl'ess. ; provi§ipri. is made, to" * 
prevent ice formations from restricting the air flow. .The inner . 
surfaces of all ducts should be smooth , curves should be gradual and 
of formed construction:, turns in rectangular ducts, should, be about, 
an axis parallel to the ^loiiger dimension, ; and: consideration, shou^ . 
be given to the use of guide varied . Y • ., c .. ,,, 

The equipment was tested in: natural icing; conditions without . 
making the ?iec ; ess'ary Revisions to increase the performance,, for '.the 
following reasons:' ' : .: • : - ; . 

1. A redesign of the exchanger, air. outlet would ^involve 
considerable alterations to the interior of the nacelles, arid 
probable inclusion .of the" air' intake in the. nacelle structure .to. . ... 
provide ice protection and' increased aerodynamic- cleanness.. 

2. A study of the performance of - the equipment .in the dry- , : 
air flights indicated that the ; Seating- of the wing .outer panels 
appeared adequate, arid,, the heating of the empennage was marginal. 
Further alterations to. improve the : performance would -have, delayed. • 
the program a full ye.ar, and. since 'former flight-test experience.... 
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tinder natural icing conditions suggested that the operation of the 
equipment, in general, would be satisfactory,- 'the tests were 
conducted without further changes. 

The performance of the wing tip .and the central, portions of 
-the leading edge- of the fins emphasizes. the necessity of obtaining 
proper internal distribution of the heated air, and of circulating 
this : air in direct contact with the inner surface of the outer 
skin. ' In the case of the wing .tip, the design would be improved 
by employing an. .inner y secondary skin rather than the outer cap, 
thus continuing the outer-panel leading-edge design to. the extreme 
tip., ■ Although the outeiS-sfcin /installation on /the* horizontal 
stabilizer provided satisfactory performance, the einpennage 
- installation would be improved by providing, the inner-skin type of 
construction for the stabilizer and 'fin leading edges.." The external- 
skin type of construction was used on the leading edges, of the 
XB-2UF* empennage because the alterations to -the airplane structure 
were simple and because of the suction imposed on the heated-air 
supply system' by locating the air-exit gap in a low-pressure 
region. For any new installation in which redesign bf the entire 
leading edge is being considered, however, the small loss in 
circulating air potential incurred by employing an internal, rather 
than external, secondary skin would be offset by the increased ice- 
removal efficiency of the system aft' of the leading edge,, resulting 
from internal circulation of the heated air. Furthermore-,, an 
internal— skin system would result in greater aerodynamic cleanness 
of the installation. 

An exact determination of the effect of. the. icing conditions 
on the heat transfer from the .leading— edge ' surfaces, by a comparison 
of the surface temperature rises obtained during the dry-air and 
icing tests, is', not possible, because of the variations in the test 
conditions. In general, however,- the approximate ' average values 
of leading-edge skin temperature rises (100° . F, dry air, and' 90° F, 
icing) and heat "flows. (725 Btu per hr per sq.ft, dry air; 850, icing) 
indicate that the heat transfer from the outer surface was increased 
by approximately 20 to. 30 percent in the icing flights. 

The performance of the heated windshield revealed the necessity 
for employing a glass outer panel in the heated-air double— pane 
type of design, or a material of equivalent thermal conductivity. 
For the inner panel, the use of a plastic which will maintain its 
form at a temperature of 200° F is recommended. • 

The strength of the internal structure of the XB-2*J-F airplane 
was unaffected by the elevated temperatures resulting from the 
thermal ice— prevention equipment installation. The highest 
recorded structure temperature was 206° F, obtained in an unreported 
flight, and the thermal equipment was employed during take-off in 
the icing investigations without visible damage to the wing 
structure or equipment. 
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The need for further extension of the ice-prevention equipment 
is evident from a consideration of figures 2h, 25, and 27. In the 
case of the leading edges of the engine cowls (fig. 2*0 continuous 
flight in icing conditions resulted in an area reduction of the 
carburetor, oil 1 cooler, and intercooler air intakes of approximately 
50 percent. Obviously stoppage of these openings would terminate 
the" flight irrespective of the satisfactory operation of other parts 
of the ice-prevention equipment. The protection of the air Inlet 
to the heat exchanger should also be given considerable attention - 
in the design. 

Because of the importance attached to the operation of the 
valvos which discharge the heated air or direct it to the ice- 
prevention equipment, control of these valves should be. obtained by 
a simple, mechanical system. If an electrical or hydraulic control 
system is employed, a mechanical, secondary installation should be 
provided for emergency use. An indicator should also be provided 
to show that operation of the valve control or controls has 
produced the desired valve action. 

CONCLUSIONS 

1. The performance tests of the thermal ice-prevention equip- 
ment in the airplane under natural icing conditions demon- 
strated that the performance specification adopted for the design . 
of the installation was satisfactory and should prove entirely 
adequate for any similar future installation. 

2. Sufficient data are available to prepare a thermal ice- 
prevention equipment design which will meet the performance specifi- 
cation employed for the XB~2^F installation and which will be , 
structurally satisfactory from a stress and a production standpoint. 

Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Calif., Oct. 7, 19^3 t 
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DATA RECORDED DURING TESTS OF THBRM&L ICE-PREramON SQTTCFMBNT OR THE 
XB-2UF AIRPLANE IN NON-ICIHQ CONDITIONS (MOFFKTT FIBLD, CALIF.) 
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RESULTS OK TESTS OF THERMAL ICE- PREVENTION EQUIPMENT IN RIGHT 
WING OUTER PANEL, XB-2UF AIRPLANE IN NON- ICING CONDITIONS 
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RESULTS OP FLIGHT TESTS OP THERMAL ICB-PREVENTICH EQUIPMENT POR 
THE EMPENNAGE OF THE XB-21^ AIRPLANE IN ICING CONDITIONS 
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rigure 17.- Left vertical fin during flight in icing conditions. 
Not© ice formations aft of leading edge and on radio antenna. 
Test 9. 
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Figure 25 A rime-ice formation on the- "bombard! 
windshield. Tests 7 *n& 8. 
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FIGURE 29. - MINNEAPOLIS AREA, SHOWING THE REGIONS IN WHICH THE VARIOUS ICING FLIGHTS WERE CONDUCTED. 




Figure 30.- Installation of one of the XB-2^F airplane 
exhaust-gas-to-air heat exchangers on an 0~^7A 
airplane for performance tests. 



